Background: In the present study, we aimed to investigate the role of epidermal growth factor receptor (EGFR) pathway in the up-regulation of programmed death ligand-1 (PD-L1) caused by radiotherapy (RT). Materials and Methods: Tissue microarrays (TMA) consisting of glioma cancer specimens from 64 patients were used to examine the correlation between PD-L1 and EGFR levels. Furthermore, we performed in vitro experiments to assess the role of EGFR pathway in RT-upregulated PD-L1 expression using human glioma cell lines U87 and U251. Results: Our data demonstrated that the PD-L1 expression was significantly correlated with EGFR expression in glioma specimens (χ 2 = 5.00, P = 0.025). The expressions of PD-L1 at the protein and mRNA levels were both significantly up-regulated by RT (P b 0.05). The expressions of phosphorylated EGFR and janus kinase 2 (JAK2) were also induced by RT (P b 0.05). Besides, inhibition of EGFR pathway could abrogate the RT-triggered PD-L1 up-regulation (P N 0.05). The combination of RT with EGFR inhibitor exhibited the same effect on antitumor immune response compared with the combination of RT with PD-L1 neutralizing antibody (Ab).
Introduction
Malignant glioma is a highly lethal and common central nervous system tumor with poor 5-year survival rate (Wu et al., 2015) . According to the histological classification, glioma can be divided into three types as follows: anaplastic oligodendroglioma, anaplastic astrocytoma and glioblastoma (Wang and Jiang, 2013) . At the moment, the main therapeutic strategy for glioma is multimodal therapy, which consists of radiotherapy (RT), surgical resection and systemic treatment with alkylating agents (Stupp et al., 2005; Wen and Kesari, 2008; DeAngelis, 2005) . Previous studies have shown that radiotherapy can improve the median survival of glioma patients from 6 months to 1 year (Walker et al., 1978; Stupp et al., 2005) . However, it is still urgently necessary to develop more effective treatments since most patients with glioma will eventually die of disease relapse (Vatner et al., 2014) .
In recent years, immunotherapy targeting inhibitory checkpoint molecules has become a new treatment strategy for glioma (Song et al., 2016) . Programmed death ligand-1 (PD-L1) is a representative inhibitory checkpoint, which is expressed in many types of cancers (Pardoll, 2012) . When PD-L1 binds to its receptor named programmed death-1 (PD-1) which is expressed in CD8 + cytotoxic T lymphocytes (CTLs), the function of activated CTLs is suppressed (Jie et al., 2013; Pardoll, 2012) . Indeed, blocking the PD-L1/PD-1 pathway using antibodies could reduce the inhibition effect on the activated CTLs. Researchers have found that patients with high PD-L1 expression have better treatment response (Topalian et al., 2012b; Brahmer et al., 2012; Topalian et al., 2012a; Taube et al., 2014) . Benavente et al. have found that the PD-L1 expression in tumor cells is regulated by two major mechanisms (Concha-Benavente et al., 2016) . First, an 'extrinsic' mechanism relies on interferon gamma (IFN-γ) produced by natural killer (NK) cells and CD8 + CTLs, in which IFN-γ not only activates the antitumor cellular immune response but also in turn induces PD-L1 expression in tumor cells. Second, an 'intrinsic' mechanism independent of IFN-γ exists, in which epidermal growth factor receptor/janus kinase 2 (EGFR/JAK2) signaling pathways within the tumor cells lead to PD-L1 over-expression. A previous study has
EBioMedicine 28 (2018) 105-113 confirmed that radiotherapy can induce PD-L1 expression in tumor cells through the 'extrinsic' mechanism, but the effect of 'intrinsic' mechanism in this process remains ambiguous . Park et al. have found that radiotherapy can up-regulate the expression of phosphorylated EGFR to activate pathways downstream in glioblastoma . Therefore, we hypothesized that the 'intrinsic' mechanism, especially pathways downstream of EGFR, also played an important role in up-regulating PD-L1 expression by radiotherapy in glioma. Moreover, we further investigated the effects of EGFR and PD-L1 inhibitors on tumor immune response in irradiated glioma cells.
Materials and Methods

Cell Culture and Reagents
Human glioma cell lines (U251 and U87) were obtained from the Shanghai Institutes of Biological Sciences Cell Bank and maintained in DMEM supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin/streptomycin (Gibco) at 37°C in a humidified atmosphere containing 5% CO 2 .
Antibodies (Ab) against EGFR, JAK2, PD-L1 and beta-tubulin as well as phosphorylated forms of EGFR (Y1173) and JAK2 (Y1007 + Y1008) were purchased from Abcam (UK). Specific inhibitor of EGFR (AG490) was also supplied from Abcam. The PD-L1-blocking antibody (avelumab) was purchased from EMD Serono (Germany). Bound antibodies were detected with horseradish peroxidase-linked antibody against mouse (Abcam) or rabbit (Santa Cruz Technology, USA) immunoglobulin G, followed by enhanced chemiluminescence (ECL) detection (Amersham, USA). Lymphocyte separation medium and the CellTrace™ CFSE kit were purchased from Sigma (USA). AntiCD3/CD28 stimulation beads were purchased from Thermo Fisher Scientific Pierce (USA). CD8 + T cell immunomagnetic beads positive selection kit was purchased from Stem-Cell Tech (USA). Annexin V/PI kit was purchased from Abcam.
Immunohistochemistry (IHC) and Staining Evaluation
Approved by the Ethics Committee of Soochow University, cancer specimens from 64 patients with glioma were selected to build tissue microarrays (TMA). The following clinical parameters of patients were collected: gender, age, histopathology and grade. The quality of the TMA slides was confirmed by the pathologist using HE-stained slides. The tissue section slides were deparaffinized and rehydrated, and then washed in phosphatebuffered saline (PBS) solution three times. For antigen retrieval, slides were immersed in 10 mM sodium citrate (pH 6.0) and autoclaved at 120°C for 15 min. The sections were incubated in 0.3% hydrogen peroxidase in absolute methanol for 30 min to deactivate endogenous peroxidases. After nonspecific binding was blocked with 3% bovine serum albumin (Cell Signaling Technology, USA) in PBS, the specimens were incubated with primary antibodies at 4°C overnight. Then the specimens were incubated with anti-mouse/rabbit secondary antibody at room temperature for 30 min (Abcam). Staining was carried out using diaminobenzidine (DAB) kit (Sigma).
The intensity of staining was evaluated according to the following scale: 0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining (Ikeda et al., 2016) . The proportion of all staining tumor cells was determined and then multiplied by the staining intensity score to obtain a final semi-quantitative H score (maximum value of 300 corresponding to 100% of staining tumor cells with an overall staining intensity score of 3). The scores exhibiting b 100 were classified Fig. 1 . IHC staining for PD-L1 and EGFR in glioma specimens. Representative images of HE staining, positive PD-L1 and EGFR staining on slides from a selected tumor specimen, and representative HE staining, negative PD-L1 and EGFR staining on slides from another tumor specimen, are shown. Three consecutive slices from the same patient were stained, and one was chosen as representative image for shown. as low expression and the remainder as high expression. All IHC images were blindly evaluated by two experienced observers (J.X. and D.Z.), and the mean of the two determinations was used for further analysis.
Cell Treatments and RT
Cells were plated for 2 days until 70% to 80% confluence and then serum-starved overnight (16-18 h, DMEM/0.5% FBS). Stock solution of AG490 was stored in aliquots at −20°C. Before RT, cells were treated with 10 μM AG490 at 37°C for 1 h. Subsequently, cells were exposed to 6-MV x-rays from an Elekta Synergy linear accelerator (Elekta Instrument AB, Sweden) at a dose rate of 0.5 Gy/min and then incubated at 37°C .
Western Blotting Analysis
Cells were lysed and protein was extracted using mammalian protein extraction agent (Thermo Fisher Scientific Pierce) plus halt protease inhibitor cocktail (Thermo Fisher Scientific Pierce). Protein concentrations were determined using a bicinchoninic acid assay (Thermo Fisher Scientific Pierce). Equal amounts of proteins were loaded onto 8% or 10% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, USA). After blocked with 5% bovine serum albumin in PBST (0.1% Tween 20 in PBS) for 1 h, membranes were hybridized with primary antibodies to human EGFR, JAK2, PD-L1 and betatubulin as well as phosphorylated forms of EGFR (Y1173) and JAK2 (Y1007 + Y1008) at 4°C overnight. Then the membranes were washed three times with PBST for 10 min. Subsequently, membranes were hybridized with the corresponding secondary antibodies conjugated with horseradish peroxidase for 2 h at room temperature. After being washed three times with PBST for 10 min, immunoreactive proteins were detected using ECL assay. Membranes were exposed to X-ray film (Kodak China Investment, China) to visualize the bands. The band quantification was conducted using ImageJ (National Institutes of Health, USA). Beta-tubulin was used as loading control.
Reverse Transcription PCR (RT-PCR)
Total RNA was isolated from irradiated glioma cells using the Trizol reagent (Takara Bio., Japan). Purified RNA was reversely transcribed into cDNA with the M-MLV First Strand kit (Invitrogen, USA) according to the manufacturer's instructions. RT-PCR reactions were carried out using the SYBR Premix Ex Tag II (Takara Bio.) on an ABI PRISM 7500 Sequence Detection system (Applied Biosystems, USA). Briefly, after an initial denaturation step at 95°C for 30 s, amplifications were conducted with 40 cycles at a melting temperature of 95°C for 5 s, and an annealing temperature of 60°C for 34 s. Human GAPDH was used as the housekeeping gene to normalize the expression level of target gene. Primers used for amplifications were as follows: 5´-ACTGGCATTTGCTGAACG-3′ (forward) and 5´-TCCTCCATTTCCCAATAGAC-3′ (reverse) for PD-L1; and 5´-TGACTTCAACAGCGACACCCA-3′ (forward) and 5´-CACCCTGTTG CTGTAGCCAAA-3′ (reverse) for GAPDH. 2.6. Co-culture Experiments 10 mL fresh morning fasting human venous blood treated with anticoagulant was collected, then diluted with equal parts of PBS. 10 mL lymphocyte separation medium was slowly added in the blood. We centrifuged the mixture at 3000 r/min for 20 min then pipetted the monocytes (cloud-like) with capillary. Subsequently, the monocytes were washed with 10 mL PBS. Then the supernatant was discarded after centrifugation, and the monocytes were suspended in buffer. CD8 + T cells were isolated using immunomagnetic beads positive selection kit, and the isolating process was strictly in accordance with the product manual. For co-culture assays, CD8 + T cells were seeded into 96-well plates (1 × 10 5 cells/well) with tumor cells at a ratio of 1:1. Before co-culture, CD8 + T cell proliferation was induced by anti-CD3/CD28
beads (Invitrogen) and the tumor cells were treated with vehicle control, RT, PD-L1 Ab, RT + PD-L1 Ab, AG490, RT + AG490, or RT + AG490 + PD-L1 Ab. The dosage of RT was 5 Gy. The concentrations of PD-L1 Ab and AG490 were 20 μg/mL and 10 μM, respectively. After co-culture for 48 h, the CD8 + T cells were isolated using immunomagnetic beads positive selection kit again. The CD8 + T cell proliferation and tumor cell apoptosis were detected by flow cytometry (FCM). For proliferation assays, the isolated CD8 + T cells were CFSE-labeled (3 μM). For apoptosis assays, U251 and U87 cells were stained with antibodies against PI and annexin V after removal of CD8 + cells.
Statistical Analysis
Statistical analysis was performed using SPSS v21.0 (SPSS Inc., USA) and GraphPad Prism v5.0 software (GraphPad Software, USA). The relationship between PD-L1 expression and clinical parameters of patients was evaluated by the chi-squared (χ 2 ) test. Difference between two groups was assessed using Student's t-test. When comparing more than two groups, the statistical significances were determined by oneway analysis of variance (ANOVA) followed by Dunnett's test. Data were presented as the means ± standard error of the mean (SEM). All experiments, consisting of three replicates, were performed at least twice independently. A P b 0.05 was considered as statistically significant, unless otherwise stated.
Results
Correlation Between PD-L1 Expression and Clinical Parameters of Patients
The expressions of PD-L1 and EGFR in 64 tissue specimens obtained from patients with glioma were assessed by IHC staining. Interobserver agreement in the assessment of IHC findings was excellent. The results from IHC staining indicated that positive staining of PD-L1 and EGFR was predominantly observed on the membrane and in cytoplasm of glioma cells (Fig. 1) . High PD-L1 expression was identified in 28 (43.8%) of 64 glioma specimens, and high EGFR expression was evident in 31 (48.4%) of 64 glioma specimens (Fig. 1) . Table 1 shows that there was a significant correlation between PD-L1 and EGFR protein levels in glioma specimens (χ 2 = 5.00, P = 0.025). Furthermore, high PD-L1 expression was significantly associated with advanced clinical parameters, such as age ≥ 55 (χ 2 = 11.46, P = 0.001) and grade III/IV (χ 2 = 7.11, P = 0.008).
RT Activates the EGFR Signaling and Up-regulates the PD-L1 Expression in Glioma Cells
To investigate the impact of RT on the PD-L1 expression in glioma cells, we irradiated human glioma cell lines (U87, U251), and then the expression of PD-L1 at the protein and mRNA levels was examined after 24, 48 and 72 h by Western blotting and RT-PCR, respectively. We found that the expression of PD-L1 at the protein and mRNA levels in both cell lines was all significantly up-regulated (P b 0.05; Figs. 2 and  3) . Under the condition of 5 Gy, the promotive effect of RT on the PD-L1 Fig. 3 . EGFR inhibitor abrogates the up-regulation of PD-L1 at the mRNA level caused by RT in glioma cells. Cell lines (U87 and U251) were treated with vehicle control, RT (5 or 10 Gy), or RT combined with AG490 (10 μM) for 24, 48 or 72 h. PD-L1 expression at the mRNA level was determined by RT-PCR and expressed as fold change relative to the vehicle group. Each column is shown as the means of three separate experiments; bars, SD. ANOVA; ***P b 0.001; ns, nonsignificant; versus DMSO group. expression at the protein level in both cell lines was in a time-dependent manner (Fig. 2) . However, an opposite result was observed under the condition of 10 Gy, under which the PD-L1 expression was increased first and then decreased, and the peak appeared at 24 h for U87 cells and at 48 h for U251 (Fig. 2) .
EGFR Signaling Regulates RT-Induced PD-L1 Expression in Glioma
Based on the significant correlation between the expressions of PD-L1 and EGFR in glioma cancer specimens, we hypothesized that the PD-L1 expression was regulated by EGFR signaling in glioma cells. Therefore, we examined the expressions of EGFR, p-EGFR and downstream signals (JAk2 and p-JAK2) under the same RT conditions. The result showed that the expressions of EGFR and JAK2 were not altered by RT (P N 0.05; Fig. 2) . However, the levels of activated molecules, p-EGFR and p-JAK2, were significantly up-regulated (P b 0.05; Fig. 2 ). After EGFR-JAK2 pathway was blocked by specific inhibitor AG490, Western blotting and RT-PCR analyses revealed that the expression of PD-L1 was not altered by RT (P N 0.05; Figs. 3 and 4) .
Role of EGFR Signaling in Tumor Immune Escape after RT for Glioma
As a co-stimulatory molecule, PD-L1 plays an important role in tumor immune escape. Therefore, we co-cultured tumor cells (U87 and U251) with T cells to compare the regulatory effects of EGFR and PD-L1 on the immune responses under RT. The result showed that ability of tumor cells to suppress T cell (anti-CD3/CD28 antibody stimuli) proliferation was strengthened by RT (P b 0.001; Fig. 5 ). This RTstrengthened ability was inhibited when PD-L1 Ab was added to the co-culture system, and AG490 exhibited the same effect in this process (P b 0.001; Fig. 5 ). However, the combined application of PD-L1 Ab and AG490 was not able to further suppress such RT-strengthened ability compared with PD-L1 Ab or AG490 alone (P N 0.05; Fig. 5) .
Moreover, compared with RT or PD-L1 Ab alone, the combined application of RT and PD-L1 Ab could promote tumor cell apoptosis when tumor cells (U87 and U251) were co-cultured with human CD8 + T cells, and AG490 also exhibited the same effect as PD-L1 Ab in this process (P b 0.001; Fig. 6 ). However, RT in combination with PD-L1 Ab and AG490 did not further enhance the tumor cell apoptosis (P N 0.05; Fig. 6 ).
Discussion
Radiotherapy is one of main therapeutic strategies for tumor patients, but several studies have proved that RT can induce PD-L1 expression in various human cancers (Gong et al., 2017; Zhang et al., 2017; Hecht et al., 2016) . As an immune checkpoint, PD-L1 is generally expressed in various human cancers and helps tumor cells escape host immune responses Cho et al., 2017) . Previous study has shown that PD-L1 can activate the functions of PD-1 to inhibit the proliferation, survival and effects of CD8 + CTLs (Barber et al., 2006) . In our study, irradiated glioma cells with up-regulated PD-L1 expression could effectively inhibit the proliferation and cytotoxicity of CD8 + T cells. Interestingly, the inhibitory ability of irradiated glioma cells to CD8 + T cells disappeared once the PD-L1 expression was blocked.
In the co-culture experiments, when phosphorylated EGFR was blocked, the inhibitory ability of irradiated glioma cells to CD8 + T cells was also abolished, further implying that EGFR signaling pathway was responsible for the RT-triggered PD-L1 up-regulation. EGFR plays an important role in the proliferation, invasion and metastasis regulation of tumor cells (Scaltriti and Baselga, 2006) . There are many tyrosine residues in the intracellular domain of EGFR (Shelton et al., 2005) . The tyrosine phosphorylation can specifically bind to downstream proteins, activating the EGFR signaling pathway to complete the cell signal transduction from the cell outward to the cell (Hubbard and Miller, 2007) . Therefore, there may be more pronounced changes in the expression of p-EGFR than that of EGFR during the process of signal transduction, which is consistent with our findings. The Western blotting analysis showed that only the expression of phosphorylated EGFR was up-regulated by RT. This observation is also found in the study of Chang-Min Park et al. . In addition, we found that RT triggered the same reaction of JAK2 and p-JAK2. However, it remains largely unexplored how RT facilitates the tyrosine phosphorylation. We hypothesized that there was a self-repair mechanism of tumor cells to deal with RT-induced damages, especially the sublethal damage (Zaider and Wuu, 1995) . In our future work, we will investigate the underlying mechanism.
In recent years, many EGFR tyrosine kinase inhibitors (TKIs), represented by nimotuzumab, panitumumab, cetuximab and mAb806, have been applied to the clinical trials of glioma (Yang et al., 2015; Greenall et al., 2015; Chakraborty et al., 2016; Meng et al., 2015; Hong et al., 2012) . However, the drug-resistance is a huge challenge for targeted therapy. Several studies have demonstrated that the PD-L1 expression of patients with EGFR mutations is usually increased (Akbay et al., 2013; Azuma et al., 2014; Tang et al., 2015) , suggesting that PD-1/PD-L1 inhibitor may be a more efficient approach for patients with EGFR mutations who are resistant to EGFR-TKIs. Moreover, it may not be a good strategy to use EGFR-TKIs and PD-1/PD-L1 inhibitor at the same time, as EGFR-TKI can inhibit the PD-L1 expression in tumor cells, which in turn significantly reduces the efficiency of PD-1/PD-L1 inhibitor (Zhang et al., 2016) .
However, several studies have also reported that RT in combination with PD-1/PD-L1 or EGFR-TKI inhibitor has better effect in glioma than single treatment (Zeng et al., 2013; Solomon et al., 2013) . Zeng et al. have demonstrated that RT in combination with anti-PD-1 therapy improves the survival compared with either modality alone (Zeng et al., 2013) . Cuban researchers have confirmed that nimotuzumab in combination with RT can achieve better curative effect than RT alone in the treatment of high-grade glioma (Solomon et al., 2013) . In the present study, we confirmed that the up-regulation of PD-L1 caused by RT could be restrained by EGFR-TKI in glioma cells. Although we did not observe better results from the combination of three treatments according to the proliferation and apoptosis experiments, it is too early to conclude that RT in combination with EGFR-TKI and PD-1/PD-L1 inhibitor is an unnecessary treatment strategy. More in vivo experiments are necessary to clarify the effect of this new combination strategy, because EGFR is a key molecule not only in the proliferation but also in the invasion and metastasis regulation of tumor cells (Scaltriti and Baselga, 2006) .
There are certain limitations in our study. First, we only selected wild-type glioma cells and confirmed that the EGFR/JAK2 pathway was involved in the up-regulation of PD-L1 caused by RT. Although studies conducted on the EGFR wild-type cells may be more universally applicable, experiments using EGFR-mutated cells can still provide valuable insights. Moreover, the effect of combination therapy should be validated using EGFR-mutated animal model. Second, besides EGFR/ JAK2, some other molecules may also be involved, such as interleukin-6 (IL-6) and signal transducer and activator of transcription 3 (STAT3).
A previous report has shown that activation of EGFR induces IL-6 secretion from cancer cells, leading to subsequent activation of JAK/STAT3 (Zhang et al., 2016) . Then activated STAT3 binds to PD-L1 promoter and eventually promotes transcription of PD-L1 (Wolfle et al., 2011) . Therefore, IL-6 and STAT3 may also play an important role in the regulation of PD-L1 after RT. More studies are required to confirm the interactions between these molecules.
In conclusion, our findings indicated that RT could up-regulate the PD-L1 expression through the pathways downstream of EGFR in glioma. RT in combination with PD-1/PD-L1 inhibitor and/or EGFR-TKIs might be a potential novel treatment strategy for patients with glioma.
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